Kadowitz PJ, Izadpanah R. Intratracheal administration of cyclooxygenase-1-transduced adipose tissue-derived stem cells ameliorates monocrotaline-induced pulmonary hypertension in rats. Am J Physiol Heart Circ Physiol 307: H1187-H1195, 2014. First published August 22, 2014; doi:10.1152/ajpheart.00589.2013.-The effect of intratracheal administration of cyclooxygenase-1 (COX-1)-modified adipose stem cells (ASCs) on monocrotaline-induced pulmonary hypertension (MCT-PH) was investigated in the rat. The COX-1 gene was cloned from rat intestinal cells, fused with a hemagglutanin (HA) tag, and cloned into a lentiviral vector. The COX-1 lentiviral vector was shown to enhance COX-1 protein expression and inhibit proliferation of vascular smooth muscle cells without increasing apoptosis. Human ASCs transfected with the COX-1 lentiviral vector (ASCCOX-1) display enhanced COX-1 activity while exhibiting similar differentiation potential compared with untransduced (native) ASCs. PH was induced in rats with MCT, and the rats were subsequently treated with intratracheal injection of ASCCOX-1 or untransduced ASCs. The intratracheal administration of ASC COX-1 3 ϫ 10 6 cells on day 14 after MCT treatment significantly attenuated MCT-induced PH when hemodynamic values were measured on day 35 after MCT treatment whereas administration of untransduced ASCs had no significant effect. These results indicate that intratracheally administered ASCCOX-1 persisted for at least 21 days in the lung and attenuate MCT-induced PH and right ventricular hypertrophy. In addition, vasodilator responses to the nitric oxide donor sodium nitroprusside were not altered by the presence of ASCCOX-1 in the lung. These data emphasize the effectiveness of ASCCOX-1 in the treatment of experimentally induced PH. pulmonary hypertension; adipose tissue-derived stem cells; cyclooxygenase-1; monocrotaline; bell-based therapy; pulmonary arterial smooth muscle cells
PULMONARY HYPERTENSION (PH) is a serious progressive disorder characterized by increased pulmonary arterial pressure and vascular remodeling leading to right heart failure and death (16, 17, 35) . Endothelial dysfunction following vascular insult is hypothesized to induce dysregulation of smooth muscle cell (SMC) function, leading to vascular SMC proliferation, decreased vessel luminal diameter, perivascular inflammation, and fibrotic changes, which are all believed to be involved in the pathogenesis of PH (9, 20, 28) .
Despite recent advances in the treatment of PH with prostacyclin and analogs, endothelin receptor antagonists, and phosphodiesterase type 5 inhibitors, only modest improvements in exercise capacity and quality of life measures in patients with PH have been observed. PH remains a fatal disease, and in patients refractory to pharmacologic therapy, lung transplantation is the only remaining treatment option (9, 10, 16, 17) . However, lung transplantation is complicated by availability of organs, postoperative infection, and graft rejection resulting in an estimated median survival of 9.3 yr. Alternate approaches including native and gene-modified stem cell therapy have been reported to have a beneficial effect in experimental models of PH (2, 12, 36 -38) . It has been reported that cell-based therapies with pulmonary arterial SMCs, mesenchymal stem cells (MSCs), and endothelial progenitor cells alone and with cells transfected with therapeutic genes have a beneficial effect in experimental models of PH (1, 4, 30, 38) .
Adipose tissue is similar to bone marrow in that both contain MSCs, which have multilineage differentiation potential with the ability to give rise to mesenchymal progenitors, osteoblasts, chondrocytes, adipocytes, myoblasts, and hematopoietic cells (1, 2, 8, 13, 19) . Adipose tissue-derived stem cells (ASCs) benefit from a relative ease of availability, expansion, robust self-renewal ability, good differentiation patterns, and lack of immunogenicity and anti-inflammatory activity, which is decreased with the passage of time (13, 24, 31, 34) . ASC treatments have received considerable clinical attention in recent years and a number of clinical trials are in progress (10, 32) . ASCs have been utilized as an effective intervention in cell-based gene therapy for efficient delivery of specific genes to target organs using their potential to home to injured tissue and ASCs have immunomodulatory properties (12, 31, 34, 36) . Published studies have suggested that the cyclooxygenase pathway is dysregulated in PH, and this observation has led to the use of cyclooxygenase pathway products, such as prostaglandin I2 (PGI2) in the treatment of PH (3, 5-7, 14, 15) . In this respect it is interesting to note that cyclooxygenase products and cyclooxygenase inhibitors have been shown to have a beneficial effect in monocrotaline (MCT)-induced PH in the rat (14, 21, 29) .
There are two isoforms of cyclooxygenase, COX-1 and COX-2, which convert arachidonic acid to prostaglandins and thromboxane A 2 (22, 26) . COX-1 is constitutively expressed in most tissues, whereas COX-2 is usually expressed at lower levels is inducible and is upregulated by proinflammatory stimuli (22, 26) . The isoforms share 60% sequence homology and produce the same metabolic products from arachidonic acid (22, 26) . Several studies have investigated the role of COX-2 and the effect of COX-2 inhibition in disease states including PH (5, 14, 15, 38) . It has been shown that inhibition of COX-2 enhances vascular remodeling in a hypoxia model of PH (5, 7, 15, 23) . A recent study, however, suggested a different role for COX-2 in a MCT model of PH in the mouse (25) . The present study was undertaken to investigate the effect of enhanced expression of COX-1 using intratracheal administration of COX-1-transfected human adipose-derived stem cells, which have immunomodulatory properties, in the treatment of MCT-induced PH in the rat. COX-1 was selected as the therapeutic gene because expression is constitutive and persistent whereas COX-2 is inducible and expression is more transient (7, 22, 26, 31, 34) . In the present study, we report the cloning of COX-1 from Sprague-Dawley rat intestinal cells and transfection of COX-1 into human ASCs. The present results show that intratracheal administration of COX-1 modified ASCs has a beneficial effect in MCT-PH in the rat and emphasize the therapeutic potential of COX-1 cell-based therapy in the treatment of experimental PH.
MATERIALS AND METHODS
The Institutional Animal Care and Use Committee of Tulane University School of Medicine approved the protocols used in these experiments, and all procedures were conducted in accordance with their guidelines. Approval was also obtained from the Institutional Review Board for procuring adipose tissue from patients with consent (1, 8, 13) .
Isolation and cultivation of cell types. For isolation of intestinal cells, Sprague-Dawley rats (360 -400 g) were anesthetized with thiobutabarbital sodium (Inactin; Sigma, St Louis, MO; 100 mg/kg ip), and ϳ1.5-2.0 in. of small intestine were isolated, ligated, and excised. After being washed with sterile PBS, the intestinal segment was turned inside out, the surface was gently scrapped off into PBS and centrifuged, and the pellet was processed for isolation of RNA.
The aortic SMCs (ASMCs) and pulmonary arterial SMCs (PASMCs) were isolated according to previously described methods (27) . Primary cultures of aortic and pulmonary artery SMCs were then used for transfection and measurement of expression of COX-1 as well as for proliferation assays.
The ASCs were obtained from tissue specimens using previously described methods (13) . Approximately 50 g of fat tissue were minced and digested with Collagenase Type I (GIBCO, Invitrogen, Carlsbad, CA). The cells were then counted and plated at a fixed density in maintenance medium [alpha-MEM, supplemented with 20% FBS (Atlanta Biological, Atlanta, GA), 1% L-glutamine, and 1% penicillin/ streptomycine (Cellgro, Herndon, VA)].
Cloning of COX-1 gene from intestinal cells. The intestinal cells obtained from an approximate 1.5-to 2.0-in. segment of rat intestine yielded sufficient RNA for gene isolation. Total RNA was extracted from the cells using TRIzol Reagent (GIBCO-BRL). The RNA was purified using Pure Link Micro-to-Midi Total RNA purification system (Invitrogen). Using COX-1 gene-specific primers, the first-strand cDNA was generated from (AccuScript pfuUltra II RT-PCR Kit; Stratagene). Primers were designed by an Invitrogen online tool oligoperfect designer based on Rattus norvegicus prostaglandin-endoperoxide synthase 1 (Ptgs1), mRNA (GI:94400787). The PCR primers were designed according to COX-1 cDNA sequence and synthesized. To isolate full-length cDNA, the upstream primer was 5=-CCAAGCT-TGCCACCATGAGTCGAAGGAGTCTCTCGCTCCAGTTT-3= and downstream primer was 5=-ATAAGAATGCGGCCGCTCAGAGCT-CAGTGGACGGTCTCACG-3=. The PCR product was visualized using 1% agarose gel.
To prepare the COX-1 expression vector, the gel-purified COX-1 RT-PCR product was ligated to a pEF6/V5-His TOPO-TA expression vector according to the manufacturer's instruction (Invitrogen). Positive clones were subjected to restriction analysis and sequencing. After the sequence was confirmed, the positive clones were used for future studies.
Lentivirus construct and production. The custom-made lentiviral vector construct used in our study was made by Applied Biological Materials (Richmond, British Columbia). The COX-1 gene was fused with a hemagglutinin (HA) tag and was cloned into a lentiviral expression vector driven by an EF1a promoter. Viral vectors were transfected into 293T cells grown overnight to 80 -90% confluency. Briefly, the cells were transfected with COX-1 lentiviral expression vector in combination with the lentiviral packaging mix using the LentiFectin for 5-8 h in serum free medium. Subsequently, the cells were incubated with serum medium for an additional 48 h at 37°C. On day 3 the medium was changed. After the addition of fresh medium, the cells were incubated for an additional 24 h. The cells were carefully monitored, and on day 4 the cell supernatant was collected and centrifuged at 3,000 rpm for 15 min at 4°C. A total of up to 10 7 IU/ml of recombinant lentiviral vector was used for the experiments.
Transfection and measurement of expression of COX-1. Aortic SMCs were plated in six-well plates at 1 ϫ 10 5 cells/ml in complete media (DMEM, 10% FBS) containing no antibiotics were allowed to grow to ϳ80% confluency. Lipofectamine2000 reagent was then used to transfect cells with 4 g of COX-1 plasmid DNA overnight. The media were changed to complete media and the cell lysates, and media were assayed for COX-1 gene expression after 48 h.
Western blot for COX-1 gene expression. Control and transfected cells were lysed using hypotonic buffer (10 mM Tris, 1.5 mM MgCl2, and protease cocktail; Sigma). The protein content was determined by the BCA method (Pierce, Rockford, IL), and equal quantities were electrophoresed on 4 -20% gradient gels (Jule, Milford, CT). Following this procedure, the protein was transferred onto a nitrocellulose membrane (GE Healthcare, Piscataway, NJ). Following the blocking, the membrane was incubated in mouse monoclonal anti-COX-1 (Santa Cruz Biotechnology, Santa Cruz, CA) at a dilution of 1:1,000 overnight. The membrane was washed three times with TBST, and the antigen antibody complex was detected using donkey anti-goat IgGhorseradish peroxidase secondary antibody.
Proliferation assay. For these experiments, rat ASMCs and PASMCs were plated in six-well plates at a density of 6 ϫ 10 4 and 3 ϫ 10 4 cells/ml, respectively, in complete media without antibiotics. The cells were allowed to attach overnight and on the next day transfected with the COX-1 expression vector as previously described. For each transfection, a no transfection control and a Lipofectamine only control were used; however, an empty viral vector was not used. The media were changed after overnight incubation, and the cells were counted on days 2 and 3 posttransfection.
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
proliferation assay. The rat ASMCs and PASMCs were isolated as previously described (27) . Cells were plated in 96-well plates at a density of 1 ϫ 10 5 cells/ml in complete media without antibiotics. Cells were then transfected with COX-1 expression vector on the next day. For each transfection, a no transfection control and Lipofectamine control were included. An empty viral vector control was not used in these experiments.
COX activity. COX-1 activity was measured in cell lysates of ASCs and COX-1-transduced ASCs by ELISA. The COX-1 ELISA kit was used in accordance with the manufactures instructions (Cayman Chemicals). The COX-1 activity was expressed as micromole per minute per milliliter of cell lysate. All samples were run in triplicate, and the assay was carried out for 48 h. Briefly, 10 l of 3-(4,5-fimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reagent were added to each well and the plates were incubated for 1-2 h until a purple precipitate was visible in the cells. One-hundred microliters of the detergent reagent were added, and the plates were incubated in the dark at room temperature for 2 h. The absorbance was read using the Uquant spectrophotometer and Gen5 1.06 analysis software (BioTek, Winooski, VT).
Flow cytometry. Flow cytometry was performed on trypsin-dissociated ASCs and COX-1-transduced ASCs cultures stained for CD105, CD90, CD44, CD146, CD34, CD45, CD4, and CD11b (Invitrogen) on a Beckman-Coulter Epics FC500 flow cytometer.
MCT-induced PH. Sprague-Dawley rats weighing 300 -350 g were injected with MCT 60 mg/kg into the tail vein and housed in the vivarium. The rats received intratracheal injection of COX-1-transduced ASCs, untransduced ASCs, or saline on day 14 after MCT administration. Following a midline incision, the trachea was exposed in anesthetized rats. Then, 3 ϫ 10 6 human ASCs suspended in PBS (0.5 ml) was intratracheally injected during a deep inspiration after compression of the thorax to aid in the distribution of ASCs to the distal air spaces (2) . Another group of MCT-treated rats were injected with nontransduced ASCs (3 ϫ 10 6 cells) via the intratracheal route. The rats were observed daily following the injection of the untransduced ASCs and COX-1-transduced ASCs and MCT.
Hemodynamic values were measured on day 28 in MCT-control rats and rats treated with ASCs as significant mortality has been observed after day 28 in the absence of effective therapy (11, 18, 29) . The rats treated with COX-1-transduced ASCs were evaluated on day 35 following MCT treatment. The rats then were killed to harvest lung and heart tissue for histologic and biochemical analysis. Lung tissue was fixed in formaldehyde, and sections were cut from paraffinembedded tissue.
Measurement of hemodynamic values. The animals were anesthetized with Inactin (100 mg/kg ip; Sigma-Aldrich) and were placed in the supine position on an operating table. The trachea was cannulated with a short segment of PE-240 tubing to maintain a patent airway. A femoral artery was catheterized with PE-50 tubing for measurement of systemic arterial pressure. The left jugular and femoral veins were catheterized with PE-50 tubing for intravenous injections and infusions of agents. For pulmonary arterial pressure measurement, a specially designed 3-F single lumen catheter with a curved tip and with radio-opaque marker was passed from the right jugular vein and into the main pulmonary artery under fluoroscopic guidance (PickerSurveyor Fluoroscope) as previously described (2, 18). Pulmonary and systemic arterial pressures were measured with Namic Perceptor DT transducers (Boston Scientific), digitized by a Biopac MP100 data acquisition system (Biopac Systems), and stored on a Dell PC. Pulmonary arterial systolic and diastolic pressures were measured and recorded, and mean pulmonary arterial pressure was determined by electronic integration of the pulsatile pressure signals. Cardiac output was measured by the thermodilution technique with a Cardiomax II computer (Columbus Instruments). A known volume (0.2 ml) of room temperature 0.9% NaCl solution was injected into the jugular vein catheter with the tip near the right atrium, and changes in blood temperature were detected by a 1.5-F thermistor microprobe catheter (Columbus Instruments) positioned in the aortic arch from the left carotid artery. The indicator dilution data were stored on the PC. The NO donor sodium nitroprusside (SNP; Sigma-Aldrich) was dissolved in normal saline and injected intravenously, and changes in pulmonary and systemic arterial pressure and cardiac output in response to SNP were measured to test the responsivenoess of the pulmonary vascular bed to the NO donor after treatment with the COX-1-transduced ASCs.
Right ventricular hypertrophy assessment. To measure right ventricular weight, the hearts were excised and the atria and major vessels were removed. The right ventricular free wall (RV) was carefully dissected and separated from the left ventricle and septum (LV ϩ S) and weighed. The Fulton index (RV/LV ϩ S) was calculated as an index of right ventricular hypertrophy.
Statistics. The hemodynamic data and heart weight ratios are expressed as mean Ϯ SE and were analyzed using ANOVA and a post hoc test and with paired and unpaired t-tests where indicated. The criteria used for statistical significant was P Ͻ 0.05.
RESULTS

Expression of COX-1 gene in PASMCs.
The Cox-1 gene was constitutively expressed in PASMCs and transduction with the lentiviral vector containing the COX-1 gene enhanced the expression of COX-1. Western blot analysis demonstrates significant enhancement of COX-1 protein expression from PASMCs 48 h after transfection with COX-1 (Fig. 1A) . However, there was no change in COX-1 protein levels in the culture media from transfected cells (Fig. 1B) . The effect of COX-1 transfection on PASMC proliferation and viability showed that the overexpression of COX-1 in PASMCs significantly decreased PASMC number 3 days after transfection, compared with cell counts in nontransfected or in Lipofectamine only treated PASMCs (Fig. 1C ). An additional proliferation assay using MTT was carried out to confirm the decrease in cell proliferation in COX-1-transfected PASMCs (Fig. 1D) . We also assessed the apoptosis level by measuring the expression of Bax, an apoptosis marker, using Western blot analysis and in future experiments apoptosis will be measured by the TUNEL assay. The Western blots in Fig. 1E indicate that there was no apparent difference in Bax expression in COX-1-transfected and Lipofectamine-treated PASMCs. The results of these experiments indicate that COX-1 overexpression reduced cell proliferation in PASMCs as measured by two different assays. In addition, these results suggest that the decrease in PASMC proliferation is not due to enhanced apoptosis.
Characterization of ASCs. The ASCs were then transduced with the lentiviral vector (10 particles/cell) delivering the HA-tagged COX-1 gene. Flow cytometry was performed on trypsin-dissociated ASCs, and the COX-1-transduced ASCs (ASC COX-1 ), similar to ASCs showed the usual characteristics of MSCs including the expression of mesenchymal markers such as CD90, CD105, CD44, and the lack of expression of hematopoietic markers such as CD11b, CD34, and CD45 ( Fig. 2A) . The ASC COX-1 showed similar self-renewal rates and differentiation potential compared with nontransduced ASCs. The similar osteogenic, adipogenic, and chondrogenic differentiation potential of COX-1-transduced and untransduced ASCs is shown in Fig. 2B . ASC COX-1 showed enhanced COX-1 activity when compared with untransduced ASCs. The ASC COX-1 and untransduced ASCs were used in the PH experiments.
Effect of ASC COX-1 treatment on MCT-PH. PH was induced in rats with a single injection of 60 mg/kg MCT into the tail vein. MCT administration resulted in a significant increase in pulmonary arterial pressure with no change in systemic arterial pressure or cardiac output when values were measured on day 28 after MCT administration and compared with ASCs injected, PBS injected, and MCT untreated control animals (Fig. 3A) . Animals injected with MCT showed significant mortality after 28 days of treatment with PH symptoms, and three of six animals did not survive. Fourteen days after MCT administration, one group of animals was intratracheally injected with ASC COX-1 (3 ϫ 10 6 cells/rat; n ϭ 6) and another group of rats was injected intratracheally with untransduced ASCs (3 ϫ 10 6 cells/rat; n ϭ 6). Intratracheal treatment with ASC COX-1 14 days after MCT treatment resulted in a significant decrease in pulmonary arterial pressure with no significant change in systemic arterial pressure or cardiac output when values were compared with values in MCT control animals or MCT-treated animals receiving ASCs. In addition, treatment with ASC COX-1 significantly attenuated the increase in right ventricular mass in MCT-treated animals compared with MCT-treated animals receiving ASCs (Fig. 3B) . There was no mortality in the ASC COX-1 -treated animals that were evaluated on day 35 , and all six rats survived. These results indicate that a single intratracheal injection of ASC COX-1 significantly attenuates the increase in pulmonary arterial pressure and the increase in right ventricular mass in MCT-treated rats with minimal effect on systemic arterial pressure or cardiac output (Fig.  3C) . In addition, vascular responses were compared in control PBS-injected rats, MCT-treated rats injected intratracheally with untransduced ASCs, and MCT-treated rats injected intratracheally with COX-1-transduced ASCs. The intravenous injection of the NO donor SNP in a dose of 3 g/kg resulted in similar decreases in systemic arterial pressure and similar changes in cardiac output (Fig. 4A) . The intravenous injection of SNP produced a smaller decrease in pulmonary arterial pressure in the control animals that have little vasoconstrictor tone in the pulmonary vascular bed than in rats with MCT-induced PH that had been injected with untransduced ASCs or ASC COX-1 (Fig. 4B) . The MCT-treated animals had elevated pulmonary arterial pressure, and the decrease in pulmonary arterial pressure in the ASC and ASC COX-1 -treated animals was similar to the decrease in pulmonary arterial pressure in response to intravenous injection of SNP in animals in which pulmonary arterial pressure was increased to a similar value by U46619 (18) (Fig. 4C) . These data indicate that the treatment with ASC COX-1 and untransduced ASCs and the presence of the Effect of stem cell treatment on small vessel histology. The gross appearance of lungs from MCT-PH rats and rats treated with ASCs showed a highly congested organ, whereas the lungs from the ASC COX-1 -treated animals showed a lesser degree of tissue congestion. In addition, vascular remodeling appeared to be reduced in ASC COX-1 -treated animals (data not shown). These results suggest that ASC COX-1 treatment, but not treatment with nontransduced ASCs, reduced the gross appearance of vascular congestion in the lung. In MCT-PH rats, medial wall thickening was observed in small pulmonary arteries Ͻ200 m in diameter (Fig. 5) .
Presence of ASC COX-1 in the lung. The presence of ASC COX-1 in the rat lung was investigated using immunohistochemical techniques. The lungs were harvested after hemodynamic values were measured on day 35 after treatment with MCT and after ASC COX-1 treatment was administered on day 14 following treatment with the plant alkaloid. Lung tissue specimens were removed from various areas of the lung lobe (central and peripheral areas), were fixed in paraformaldehyde, and were paraffin embedded. Tissue sections were incubated with specific antibodies for human nuclear antigen (HNA), HA, DAPI, and COX-1. The confocal images of the lung sections in Fig.  5 show the presence of HNA staining indicating that the ASCs present in the lung were derived from human tissue. The HA tag indicates the presence of the recombinant protein COX-1 in the transplanted ASC COX-1 cells. The DAPI staining of the nuclei of the ASC COX-1 is shown in Fig. 5 , and the merged images show the colocalization of the recombinant protein in the ASCs in close proximity to the nuclei (Fig. 5) . The distribution of the ASC COX-1 was widespread in the lung, and labeled cells were present in lung parenchyma. The ASC COX-1 cells persisted in the lung for at least 21 days, and the time course of the persistence of these cells in the lung will be determined in future long-term experiments. a and e) . The ASCs and ASCCOX-1 cells were capable of differentiating into osteogenic (b and f; differentiated cells were stained with alizarin red), adipogenic (c and g; differentiated cells were stained positive for intracellular lipid vesicles using Oil Red O), and chondrogenic (d and h; extracellular proteoglycans were stained with toluidin blue). C: COX-1 enzyme activity was evaluated using the Cayman COX-1 activity assay. The cell lysates of ASCs and ASCCOX-1 were assayed for COX-1 activity measured using the ELISA kit.
DISCUSSION
The new findings in the present study are that intratracheal administration of COX-1-transduced ASCs attenuates MCTinduced PH and right ventricular hypertrophy in the rat. In the present study, the administration of MCT in a dose of 60 mg/kg iv increased pulmonary arterial pressure without significantly altering cardiac output or systemic arterial pressure when values were measured on day 28 after administration of the plant alkaloid. Since significant mortality was observed after 28 days, the 28-day time period was chosen as the control period and has been used in previous studies (11, 18, 29) . The MCT-treated rats had more than a 100% increase in right ventricular weight.
The intratracheal administration of ASC COX-1 on day 14 after MCT administration was associated with a significant reduction in mean pulmonary arterial pressure and right ventricular mass when values were analyzed on day 35 after MCT treatment. There was no mortality in the ASC COX-1 -treated group indicating that the treated animals had both a more favorable hemodynamic profile and improved survival. This survival benefit was assessed in short-term studies, and longterm studies are needed in the future to determine if the survival benefit of ASC COX-1 treatment is significant in MCT PH. The treatment with ASC COX-1 had a beneficial effect. The present investigation was not intended to be a morphometric study, and a morphometric analysis of small pulmonary artery remodeling should be performed in future studies in animals with MCT-induced PH treated with ASCs and ASC COX-1 cells.
Although treatment with ASC COX-1 had a beneficial effect in rats with MCT-PH, intratracheal administration of the same quantity of nontransduced ASCs had no significant beneficial effect. It has previously been reported that injection of untransduced MSCs and endothelial-like progenitor cells have a beneficial effect in MCT-PH in the rat (2, 30, 36 -38) . However, the reason for the difference in results in studies with native and transduced ASCs is uncertain and requires further study in the future.
Following the assessment of hemodynamic values, the animals were killed and the lungs and heart were removed for histologic analysis. Labeled cells were not found in cardiac tissue, and tissue was removed from all parts of the lung, both central and peripheral, and sections were prepared for confocal microscopic analysis. Immunohistochemical labeled cells could be found in all lung sections examined indicating that the ASC COX-1 persisted in the lung for at least 21 days in rats with MCT-induced PH. Moreover, the distribution of labeled cells in the lung was widespread. The immunolabeled cells were observed to be in lung parenchyma, and we were not able to analyze the distribution of nontransduced ASCs in the lung in that these cells were not labeled. In future studies nontransduced ASCs will be transduced with an empty viral vector and a label so that their distribution and persistence in the lung can be evaluated and the effect of ASCs transduced with an empty viral vector can be assessed.
The mechanism by which ASC COX-1 exert a beneficial effect in MCT-PH is uncertain. It has been reported that MCT treatment reduced COX-2 expression with little or no effect on COX-1 expression in rat pulmonary arteries (14) . It has also been shown that COX-2 expression is increased in the lung of patients with PH whereas there was a smaller effect on COX-1 expression (15). It has also been shown that COX-2 expression is increased by hypoxia in the rat lung whereas COX-1 expres- sion was unchanged (5) . These studies indicate that MCT and hypoxia have minimal effect on COX-1 expression. A diverse group of drugs and treatments has been shown to have a beneficial effect in MCT-PH suggesting that the mechanism of the pulmonary toxicity of the plant alkaloid is complex and that many biologic pathways in the lung are dysregulated (11, 28, 29, 33, 38) . The ASC COX-1 cells overexpressed the COX-1 enzyme and had enhanced COX-1 activity suggesting enhanced catalytic activity and increased prostaglandin production when substrate was released from cell membranes. Also, the PASMCs transfected with the COX-1 gene exhibited reduced SMC proliferation without altering Bax expression. It is possible that inhibition of SMC proliferation may play a role in the beneficial effect of treatment with ASC COX-1 cell therapy in MCT-PH. The present proliferation experiments were carried out using COX-1-transduced PASMCS. In the future additional studies should be done using COX-transduced ASCs and PASMCs in a coculture experimental proliferation protocol. The results of the present study may suggest that products in the COX-1 pathway play a role in mediating the beneficial effect of ASC COX-1 in MCT-PH. Although the products released by ASC COX-1 were not analyzed and the products in the pathway have diverse effects on the pulmonary vascular bed depending on which products are formed, it is possible that PGI2 and other prostanoids may play a beneficial role in the therapeutic effect of the cell-based COX-1 gene therapy (23) .
The biological effects and mechanism of action of the intratracheal injected ASC COX-1 cells in the lung are uncertain although it is known that ASCs have short-lived anti-inflammatory activity and reduce allogeneic rejection (24, 31, 34) . The niche that the administered ASCs occupy in the rat lung and their effect or interaction with other cell types in the lung are unknown. It is possible that the injected cells release increased amounts of prostanoids when arachidonic acid is released from cell membrane phospholipids. However, since the number of administered cells in the lung is relatively low (probably Ͻ0.01% of total lung cells), it would be difficult to assay the released prostanoids that are probably being formed in a dynamic fashion in a rapidly changing microenvironment.
The results of the present experiments show that ASCs derived from human adipose tissue can be used to overexpress COX-1 and that these cells overexpressing COX-1 have enhanced catalytic activity and produce a beneficial effect in MCT-PH. In the present study, human ASCs were transplanted into wild-type immune-competent rats which could result in a vigorous immune response leading to rapid clearance of the ASCs. Although ASCs have immunomodulatory properties that are reduced with the passage of time, it is possible that allogeneic or autologous ASCs transduced with COX-1 may have a better therapeutic effect in the treatment of MCTinduced PH in the rats and these studies will be carried out in the future. Prostanoids for the most part related to PGI2 have a beneficial effect in MCT-PH (29) . It has also been reported that cyclooxygenase inhibitors have a beneficial effect in MCT-PH in the rat so that a study with COX-1 overexpression and COX-1 inhibitors would be difficult to interpret but should be carried out in the future using indomethacin (21) .
In a recent study it has been reported that endothelial-like progenitor cells transduced with a COX-1 and prostacyclin synthase fusion protein have a beneficial effect in MCT-PH in the rat and that this effect is associated with the restoration of a number of MCT-altered genes and neurotransmitter pathways in the right ventricle (38) . The present data with COX-1-transduced ASCs and data of Zhou et al. (38) when comparing the reduction in mean pulmonary artery pressure and right ventricular systolic pressure suggest similar effects. In addition, the reduction in right ventricular hypertrophy in both studies was similar. The results with cell-based COX-1 treatment in both studies suggest that cell-based strategies that enhance COX-1-derived prostanoid formation may be useful in the treatment of PH. Many reports in the literature show the beneficial effect of both gene therapy and cell-based gene therapy for the treatment of MCT-PH. However, it may be difficult to ascertain which technique is better at the present time (12, 13, 32, 36) . In the future it would be interesting to compare and contrast the effects of COX-1-transduced ASCs and COX-1-transduced endothelial-like progenitor cells when given along with a PGI2 infusion in rats with MCT-induced PH.
Although the mechanism by which COX-1-transduced ASCs produced a beneficial effect in MCT-PH is uncertain, the examination of lung tissue at the gross and microscopic level shows a marked improvement in terms of appearance, vascular congestion, and the accumulation of inflammatory cells. In addition, vasodilator responses to the nitric oxide donor SNP were not altered in MCT-induced pulmonary hypertensive rats treated with COX-1-transduced ASCs suggesting that vascular function is not changed by the presence of the gene-modified ASCs in the lung.
Conclusion. The data in this study suggest that the beneficial effect of intratracheal administration of ASC COX-1 was a result of enhanced COX-1 expression, which resulted in a reduction in PH and right ventricular hypertrophy. These data indicate that ASCs are a useful vehicle to deliver therapeutic genes intratracheally to the lung, and the observation that decreases in pulmonary and systemic arterial pressures in response to intravenous injections of the NO donor SNP are not inhibited suggests that vasodilator responses in the pulmonary vascular bed are not altered by the presence of ASC COX-1 in the lung. In the future, long-term survival experiments with ASC COX-1 should be carried out in rats with MCT-PH. It would also be interesting to use COX-1-transduced autologous ASCs and COX-1-transduced endothelial-like progenitors in the rat in future studies. In addition, the effect of ASC COX-1 should be investigated in hypoxia and hypoxia-sugen-induced models of PH in the rat.
